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Edited by Felix WielandAbstract The DnaK system from Thermus thermophilus
(DnaKTth) exhibits pronounced diﬀerences in organisation and
regulation to its mesophile counterpart from Escherichia coli
(DnaKEco). While the ATPase cycle of DnaKEco is tightly regu-
lated by the concerted action of the two cofactors DnaJEco and
GrpEEco, the DnaKTth system features an imbalance in this
cochaperone mediated regulation. GrpETth considerably acceler-
ates the ATP/ADP exchange, but DnaJTth only slightly stimu-
lates ATPase activity, believed to be a key step for chaperone
activity of DnaKEco. By in vitro complementation assays, we
could not detect signiﬁcant ATPase-stimulation of orthologous
DnaJTth Æ DnaKEco or DnaJEco Æ DnaKTth-complexes as com-
pared to the DnaKEco system, although they were nevertheless
active in luciferase refolding experiments. Assistance of protein
recovery by DnaK thus seems to be uncoupled of the magnitude
of DnaJ mediated ATPase-stimulation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Regulation1. Introduction
Molecular chaperone systems assist protein folding by a
variety of mechanisms. For one of the biochemically and struc-
turally best characterised systems, Hsc70/DnaK [1,2], the ma-
jor modes of action can be summarised as follows: The DnaK
system is believed to act as an ATP driven cycling buﬀer that
removes aggregation prone substrate proteins from free solu-
tion. The accessory co-chaperones DnaJ and GrpE mainly
act as regulators of two opposing key switches that determine
the nucleotide state and thus substrate binding properties of
DnaK Æ GrpE accelerates nucleotide exchange considerably
and populates the DnaK Æ ATP substrate scanning state, com-
parable to guanine nucleotide exchange factors [3–7], the activ-
ity of GrpE proteins being conserved among DnaK systems.
The role of DnaJ is equivalent to the GTPase accelerating pro-
tein (GAP) in small G-protein systems since it stimulates the*Corresponding author. Fax: +49 6221 486585.
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doi:10.1016/j.febslet.2005.09.056ATPase activity of DnaK from Escherichia coli by 3–4 orders
of magnitude and thus favours the DnaK.ADP holding state
[8–10]. DnaJ proteins are multidomain proteins: besides the
J-domain that is essential for ATPase stimulation [11,12], a
G/F- domain, a Zink-binding and a C-terminal domain are
necessary for the DnaJEco protein to be active in refolding
experiments [11,13]. It is believed that the G/F and the J-do-
main (together) are involved in the ATPase stimulation, both
of which are present in the thermophile homolog DnaJTth, with
a sequence identity of 59% for the J-domains of DnaJTth and
DnaJEco. Nevertheless DnaJTth does only moderately stimulate
hydrolysis with DnaKTth in the absence of substrates, as de-
scribed previously [14].
We characterised the ability of DnaJTth to stimulate ATP
hydrolysis using single-turnover and steady-state ATPase as-
says with the homologous DnaKTth system as well as in com-
plementation with orthologous members of the DnaK system
from E. coli.
We found no correlation of a pronounced ATPase stimula-
tion with chaperone activity using renaturation of GdnHCl
denatured ﬁreﬂy luciferase, a model system that was also used
with the DnaK system from E. coli [15,16].2. Experimental procedures
2.1. Protein puriﬁcation
The molecular chaperones from E. coli and Thermus thermo-
philus were puriﬁed and depleted of intrinsic nucleotide essen-
tially as described [4,14].
2.2. Single-turnover ATPase assays
Single-turnover ATPase assays were performed essentially as
described [17] with 2 lM DnaKTth or DnaKEco, 1.6 lM [c
32P]
ATP in 20 ll buﬀer (50 mM Tris/HCl pH 7.5, 100 mM KCl,
5 mM MgCl2, 2 mM EDTA; 2 mM DTE) at 25 C in the
presence or absence of 2 lM luciferase and 2 lM DnaJTth or
DnaJEco. The assay contained 0.4 lM GrpEEco or GrpETth,
respectively, to ensure that nucleotide binding is not rate lim-
iting.2.3. Steady-state ATPase assay
Steady-state ATP hydrolysis was measured using a colori-
metric assay, where ATP is regenerated using 29 lg/ml lactate
dehydrogenase and 71 lg/ml pyruvate kinase. The decrease in
NADH absorption is used directly as a measure for ATP
hydrolysis. Luciferase was denatured in unfolding buﬀer and
diluted 1:125 in NADPH buﬀer (50 mM Tris/HCl, pH 7.5,blished by Elsevier B.V. All rights reserved.
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0.05 mg/ml BSA, 0.4 mM phosphoenolpyruvate, 0.2 mM
NADH) with or without chaperones. The concentrations of
proteins in NADH buﬀer were: [DnaK] = 3.2 lM; [GrpE] =
0.4 lM; [DnaJEco] = 0.8 lM; [DnaJTth] = 1.6 lM; [Lucifer-
ase] = 0.08 lM. The assay was performed at 25 C.
2.4. Luciferase refolding in a continuous assay
Luciferase (Promega) was incubated for 2 min in unfolding
buﬀer (25 mM HEPES/NaOH pH 7.5; 50 mM KCl; 15 mM
MgCl2; 2 mM DTE; 1 mM ATP; 0.05 mg/ml BSAacetylated
and 5 M GdnHCl) and subsequently diluted 125-fold into
refolding/assay buﬀer with 240 lM CoA and 0.1 mM luciferin.
The refolding was measured continuously [18] at 30 C using
an Ascent Fluoroskan Fl spectrometer. The concentrations
of chaperones contained in the refolding buﬀer were:
[DnaK] = 3.2 lM; [GrpE] = 0.4 lM; [DnaJEco] = 0.8 lM;
[DnaJTth] = 0.8 lM; [luciferase] = 0.08 lM. The yields of lucif-
erase refolding was normalised to the yield of spontaneous
refolding in the absence of chaperones.khyd (*10-3s-1)
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Fig. 1. Stimulation of ATPase activity by DnaJTth – single-turnover
analyses. (A) The single-turnover ATPase activity of DnaKTth was
measured in the presence of denatured luciferase (h), DnaJTth (s) or
DnaJTth and denatured luciferase (d) as described in Section 2. (·)
control without enzyme. Curves drawn indicate the result of single
exponential analyses with rate constants of 0.9 · 103 s1 (h),
3.7 · 103 s1 (s) and 4.1 · 103 s1 (d), respectively. (B) Compari-
son of single-turnover ATPase activity of the DnaKTth and DnaKEco
systems. (a) Measurements of orthologous components of the
DnaKTth and DnaKEco systems with luciferase as substrate (L). (b)
Data adapted from [9] for homologous DnaKEco system (quenched
ﬂow experiments with transcription factor r32 as substrate).3. Results
3.1. Single-turnover ATPase – determination of the maximal
turnover rate
DnaJTth does not stimulate ATP hydrolysis signiﬁcantly.
Since the DnaKTth system diﬀers substantially from the
E. coli Hsp 70 system in its genomic and oligomeric organisa-
tion, the question arises which of the key steps that were pro-
posed to be essential for DnaKEco function and regulation are
preserved and essential in general. While GrpE mediated
nucleotide exchange is conserved among the systems, DnaJTth
in contrast to DnaJEco does not seem to accelerate ATP hydro-
lysis to a similar extent, the stimulation factor being 2–3 in-
stead of 1500 [14,19]. To clarify if this is a speciﬁc feature of
DnaJTth or if DnaKTth itself can not be activated signiﬁcantly,
we performed single-turnover ATPase assays with orthologous
complexes of the DnaKTth and DnaKEco chaperone systems
(Fig. 1). In order to determine the eﬀect of an unfolded sub-
strate protein on the hydrolysis rate, we added denatured lucif-
erase (under refolding conditions). In the case of DnaJEco the
addition of a protein substrate was shown to further enhance
the ATPase hydrolysis rate [7–9]. In the presence of catalytic
amounts of GrpE these assays can detect DnaJ mediated ATP-
ase stimulation with high sensitivity since they directly measure
the rate of hydrolysis without being aﬀected by the rates of
ATP binding or ADP release. GrpE itself does not alter the
ATPase activity, but accelerates nucleotide binding and re-
lease, which in the case of DnaKTth are the rate limiting steps
in the ATPase cycle [14,20].
DnaJTth stimulates the observed rate constant of DnaKTth
mediated ATP hydrolysis by a factor of 4, independent of
the presence of luciferase. Likewise, the stimulation of
DnaKEcos ATPase activity by DnaJTth is 3-fold and again
the addition of luciferase does not show a signiﬁcant diﬀerence.
DnaJEco increases the hydrolysis rate of DnaKTth by a factor
of 5 or 6 in the absence or presence of luciferase. In compari-
son to the about 1500–15000-fold stimulation of DnaKEco by
DnaJEco [8,9] we conclude that there is no signiﬁcant accelera-
tion of ATPase activity by DnaJTth nor can DnaKTth ATPase
activity be enhanced more than 6-fold.The hydrolysis rate of DnaK alone (not shown) did not
change in the presence of substrates. Luciferase was not used
with DnaKEco because of solubility problems at the high con-
centrations needed with a quenched ﬂow experiment (as the
hydrolysis rate of DnaKEco in the presence of DnaJEco is too
fast to be studied using hand mixing experiments and subse-
quent thin layer chromatography). Therefore we compared
the rates of the two systems with the aid of a steady-state
experiment. Under these conditions a direct comparison be-
tween the two systems is possible.
3.2. Steady-state ATPase – DnaJTth slightly changes the
hydrolysis rate for both DnaK proteins under refolding
conditions in the presence of substrate
Steady-state assays were performed in the presence and ab-
sence of denatured luciferase to compare the ATPase rate of
the chaperone system under conditions used in the refolding
assay. GrpE was always present in these experiments to ensure
nucleotide binding and release are not limiting, as for the ther-
mophile system binding and release of nucleotides are actually
slower than the hydrolysis itself [21]. The hydrolysis rates for
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are shown in Fig. 2A and B, respectively. Stimulation of
DnaKTth ATPase activity by DnaJTth is marginal, about 1.4-
fold. This factor is not altered by addition of luciferase, up
to a concentration of 0.32 lM (four times the concentration
of luciferase in refolding assays). DnaJEco seems to moderately
accelerate the ATPase rate of DnaKTth, 3-fold and if luciferase
is added this factor increases to a 7-fold stimulation. In combi-
nation with DnaKEco, DnaJEco leads to an increase in hydroly-
sis rate by more than 30-fold, further enhanced by addition of
the substrate (factor of 40). DnaJTth, however, is barely able to
stimulate the hydrolysis rate of DnaKEco under these condi-
tions, in the presence or absence of substrate (factor 2–3).
These experiments show that enhancement of ATPase activity
of both DnaK proteins by DnaJTth under conditions used for
the refolding of substrate proteins is magnitudes lower than
with DnaJEco.khyd (*10-3 s-1)
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Fig. 2. Stimulation of DnaK ATPase activity by DnaJTth – steady-
state analyses. Stimulation of ATPase activity of DnaK form E. coli
and T. thermophilus with diﬀerent DnaJ proteins was measured using a
colorimetric assay in the presence (or absence) of GdnHCl-denatured
luciferase as described in Section 2. The corresponding GrpE proteins
were present to allow fast binding and release of nucleotides. (A)
DnaKTth (KTth) based complexes 3.2 lM DnaKTth (KTth); 0.8 lM
DnaJTth (JTth); 3.2 lM DnaJTth (JTth4); 0.4 lM GrpETth; 0.8 lM
DnaJEco (JEco); 3.2 lM DnaJEco (JEco4); 0.08 lM luciferase (L);
0.32 lM luciferase (L4). (B) DnaKEco (KEco) based complexes
3.2 lM DnaKEco (KEco); 0.8 lM DnaJEco (JEco); 3.2 lM DnaJEco
(JEco4); 0.4 lM GrpEEco; 0.8 lM DnaJTth (JTth); 3.2 lM DnaJTth
(JTth4); 0.08 lM luciferase (L); 0.32 lM luciferase (L4).3.3. Luciferase refolding in the presence of orthologous
chaperone complexes
Eﬃcient refolding is possible in the absence of signiﬁcant
ATPase stimulation. The DnaKTth system, albeit originating
from an organism that lives at about 75 C, is fully functional
at 30 C in a continuous luciferase refolding assay as described
previously [19]. Although the DnaKTth chaperone cycle is
slightly slower than DnaKEco the maximal yield of active lucif-
erase appears to be comparable in both systems. In this context
it might be interesting to note that the ATPase activity of
DnaKTth is hardly temperature dependent and changes only
10-fold between 25 and 75 C, with an activation energy Ea
of 25.7 kJ mol1 [21].
A balance of cochaperone action is not essential for DnaK
refolding activity – sinceDnaJ in neither case stimulates ATPase
activity of DnaK more than several fold, the question arises
whether pronounced DnaJ stimulated ATP hydrolysis is neces-
sary for the refolding of luciferase, as this step is considered to be
essential for trapping of substrate proteins inE. coli [8,9,22]. The
GrpEproteins of bothorganismswere shownpreviously to com-
plement in nucleotide exchange assays [19].Nucleotide exchange
rates withDnaKEco/DnaKTth andGrpETth are equivalent which
is reﬂected in their comparable refolding times. GrpEEco com-
plements less eﬃciently and the lower exchange activities lead
to a slower refolding of luciferase. We therefore substituted
the co-chaperones GrpE and DnaJ from T. thermophilus with
their corresponding E. coli counterparts in luciferase refolding
assays. In the absence ofDnaK,DnaJorGrpE, luciferase refold-
ing is only marginal (Fig. 3A and B). In the presence of the
DnaKTth chaperones the yield of refolded enzyme is 16-fold
higher than without any chaperones. If DnaJTth is used at the
same concentration instead of DnaJEco the yield drops to a very
low level (data not shown), similar to that without chaperones.
However, with increasing DnaJTth concentrations (Fig. 3B,
DnaJTth4) the yield increases to a value similar to that observed
with DnaJEco, indicating that DnaJTth has a somewhat lower
aﬃnity for DnaKEco but is still functional. Although DnaJTth
does not stimulate ATP hydrolysis appreciably, it seems to be
important for the refolding of denatured proteins.4. Discussion
Although the two DnaK systems from T. thermophilus and
E. coli are highly homologous, they show pronounced diﬀer-
ences in organisation and regulation. The ATPase cycle of
the chaperone DnaK is regulated by the two cochaperones
DnaJ and GrpE as illustrated in Fig. 4. A balanced function
of both cochaperones was assumed to be crucial for proper
chaperone function [4,23]. In the DnaK system from E. coli
this is achieved by a 1500–15000-fold stimulation of the ATP-
ase rate by DnaJ and a 5000-fold acceleration of nucleotide ex-
change by GrpE (Fig. 4A). Since the intrinsic rates of ATP
hydrolysis are also comparable in magnitude, this results in a
sensitive balance of the ATP- and ADP-states of DnaK and
thus substrate binding and release properties. For DnaKTth
however (Fig. 4B) it was shown that GrpETth signiﬁcantly en-
hances nucleotide exchange by a factor of 80000 while DnaJTth
seemed to be less functional, enhancing the ATPase rate only
3–4-fold which leads to an apparent imbalance in the presence
of regulatory proteins. The dnaK-operon from T. thermophilus
also codes for the co-chaperone DafATth, which appeared to
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Fig. 3. DnaJTth is an essential component of the DnaKTth chaperone
system – despite the lack of signiﬁcant ATPase stimulation. Diﬀerent
combinations of the components of the E. coli and T. thermophilus
DnaK chaperone systems were assayed for chaperone activity as
described in Section 2. The maximal yield of renatured luciferase
obtained is indicated with black bar charts (left axis) and the
corresponding time where this maximum was achieved with grey bar
charts (right axis). In all cases, the presence of DnaJ is necessary for
eﬃcient chaperone activity. The protein concentrations were
[DnaJ] = 0.8 or 3.2 lM (DnaJ4); [DnaK] = 3.2 lM; [GrpE] = 0.4 lM
and [Luciferase] = 0.08 lM. The luminescence of luciferase refolded in
the absence of chaperones was set to 1 and the refolding yields in the
presence of chaperones was normalised to the yield of spontaneously
refolded luciferase. (A) DnaKTth (KTth) based system and (B) DnaKEco
(KEco) based system.
Fig. 4. Comparison of key constants for the DnaKEco and DnaKTth
nucleotide cycles. The ﬁgure shows the basic nucleotide cycle for the
ATPase DnaK. Nucleotide exchange is eﬃciently catalysed by the
GrpE proteins from both organisms. The thermophile exchange factor
enhances the ADP release by a factor of 80000, about 10 times more
than the E. coli homolog. This acceleration is crucial for the
thermophile system as nucleotide binding and release are the rate-
limiting steps in this cycle, being slower than the actual hydrolysis.
ATP hydrolysis is stimulated 2500-fold for the E. coli chaperone
system, while in the case of T. thermophilus an eﬀective refolding of
substrates can be achieved despite of an only 3–4-fold acceleration of
the ATPase rate.
5716 Y. Groemping et al. / FEBS Letters 579 (2005) 5713–5717be unique to the thermophile system. This factor mediates the
formation of a stable, high-aﬃnity heterononameric complex
with DnaKTth and DnaJTth [14,24] and leads to the dissocia-
tion of peptide from a DnaKTth Æ peptide complex. A remote
relative of DafATth, CbpM was recently reported for the
DnaK system of Escherichia coli [25].
The formation of a stable complex between DnaK proteins
and their corresponding DnaJs is rather exceptional. In the
very well characterised DnaK system from E. coli, DnaKEco
and DnaJEco only interact temporarily with a weak aﬃnity
and 1:2 stoichiometry (DnaKEco:DnaJEco) [26]. However one
additional example for high aﬃnity DnaK Æ DnaJ complexes
was reported previously. The yeast ribosome-associated-com-
plex (RAC) consists of the DnaK homolog Ssz1p and the
DnaJ homolog Zuotin. They interact tightly, in a 1:1 stoichi-
ometry either in the presence of ATP or ADP, in analogy to
the DnaKTth Æ DnaJTth complex [27]. Another similaritybetween RAC and the thermophile system is the absence of
a signiﬁcant ATPase activation. Both Zuotin [27] and DnaJTth
accelerated hydrolysis only marginally compared to DnaJEco,
where signiﬁcant stimulation of ATPase activity is believed
to be a key step for the ‘‘locking in’’ of substrates [9,28,29].
Since DnaJTth lacks a Zink-binding domain that was found
with many DnaJ proteins it might be attractive to connect the
missing ATPase stimulation to that domain. However in the
yeast cytosol two diﬀerent DnaJ proteins coexist that both
interact with the same Hsp70 protein. One of them, Ydj1, con-
tains a Zink-binding domain, whereas the other, Sis1, does
not. Both are active in luciferase refolding assays and stimulate
the ATPase rate of the corresponding Hsp70 protein 11 and 8-
fold in steady-state ATPase assays (Ydj1 and Sis1, respec-
tively), [30] supporting the view that the Zn2+-domain of DnaJ
is not involved in ATPase activation but rather substrate spec-
iﬁcity. Furthermore it was shown removal of the Zn-binding
domain in DnaJ did not inﬂuence the ATPase stimulation
activity [10,13,31]. Although most of the DnaJ proteins are
not kinetically characterised in detail, it appears as if DnaJEco
mediated activation of ATP hydrolysis by 3–4 orders of mag-
nitude is rather exceptional. This raises the question whether
such a pronounced stimulation is a general characteristic of
DnaJ proteins or rather represents a speciﬁc adaptation of
the E. coli protein to its environment and the volatile nature
of the DnaKEco Æ DnaJEco complex. In the case of E. coli the
stimulation of ATPase is related to the presence of substrates.
Substrate proteins but not peptides enhance the hydrolysis rate
and DnaJ binds protein substrates on its own, targeting them
to DnaKEco. The availability of substrates is thus coupled to
the ATPase stimulation leading to the locking in of substrates.
In T. thermophilus this coupling does not exist, as the stimula-
tion of ATPase by the DnaJ-protein is only marginal. Here
speciﬁcity may arise by the DnaKTth Æ DnaJTth complex preas-
Y. Groemping et al. / FEBS Letters 579 (2005) 5713–5717 5717sembled by the small cofactor DafATth, that upon heat shock
is released by competing substrate proteins and can subse-
quently perform regulatory roles at the site of protein synthesis
[32].
Both modes of coupling represent diﬀerent strategies to
achieve speciﬁcity for protein substrates; they may be adapted
to the requirements of diﬀerent environmental conditions.
Substantial acceleration of ATPase activity could be an adap-
tation of the DnaJ protein from E. coli to the rather volatile
nature of the DnaKEco Æ DnaJEco complex, but does not seem
to be an essential feature of all Hsp70/DnaK systems.
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